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fluid phase (vapor or liquid)

dynamic viscosity

eddy viscosity

kinematic viscosity

density

empirical constant in k and ¢ transport equations

empirical constant in & and ¢ transport equations

bubble departure
channel
correlated
experimental
fluid

vapor

homogeneous layer
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in inlet

m maximum (CHF)

out outlet

pred predicted

S test surface; solid

sat saturation

sub subcooling

t turbulent

tci thermocouple (i =1to 4)
th thermocouple reading

w channel sidewall

r interface between solid and liquid.
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ABSTRACT

This research proposes a new hybrid cooling scheme for high-flux thermal
management of electronic and power devices. This scheme combines the cooling
benefits of micro-channel flow and micro-jet impingement with those of indirect
refrigeration cooling. Experiments were performed to assess single-phase cooling
performance using HFE 7100 as a working fluid. Excellent numerical predictions of this
performance was achieved using the standard k-& model. The proposed cooling scheme
is shown to involve complex interactions of impinging jets with micro-channel flow.
Increasing jet velocity allows jets to penetrate the micro-channel flow toward the surface,
especially in shallow micro-channels, greatly decreasing wall temperature. In addition to
the numerical predictions, a superpositioning technique is introduced that partitions the
heat transfer surface into zones that are each dominated by a different heat transfer
mechanism, and assigning a different heat transfer coefficient value to each zone. This
study also examined the two-phase cooling performance of the hybrid cooling scheme.
Vapor layer development along the micro-channel is shown to be fundamentally different
from that encountered in conventional micro-channels. In the hybrid scheme, subcooled
jet fluid produces repeated regions of bubble growth followed by collapse, rather than the
continuous growth common to conventional micro-channel flow. By reducing void
fraction along the micro-channel, the hybrid scheme contributes greater wall temperature
uniformity. Increasing subcooling and/or flow rate delay the onset of boiling to higher
heat fluxes and higher wall temperatures, but also increase critical heat flux considerably.
By dividing the test surface into a portion that is dominated by jet impingement and
another by micro-channel flow, and applying the appropriate CHF correlation for each
portion, the CHF data for this hybrid cooling configuration is predicted with a mean

absolute error of 15.2%. This study also explores the single-phase and two-phase cooling
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performance of a hybrid cooling module in which a series of micro-jets deposit coolant
into each channel of a micro-channel heat sink. This creates symmetrical flow in each
micro-channel, and the coolant is expelled through both ends of the micro-channel.

Three micro-jet patterns are examined, decreasing-jet-size (relative to center of channel),

equal-jet-size and increasing-jet-size.
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CHAPTER 1. INTRODUCTION

1.1. Selection of Cooling Geometry and Single-Phase Heat Transfer Characteristics

Spurred by micro-miniaturization of electronic components and greatly increased
component and circuit density in electronic and power devices, heat dissipation has
become a primary concern in the design of such devices. High performance cooling
schemes are therefore becoming increasingly important to the development of these
devices.

To combat these cooling challenges, a myriad of liquid cooling schemes have
been developed and tested, mostly since the early 1980s. Of those, jet impingement and
micro-channel heat sinks have emerged as the two most powerful thermal solutions for
such next generation devices as microprocessors, laser diodes, radars and x-ray anodes
(Mudawar, 2001).

Jet impingement cooling has been investigated both experimentally (Martin,
1977; Jiji and Dagan, 1987; Wadsworth and Mudawar, 1990; Estes and Mudawar, 1995)
and numerically (Craft ef al., 1993; Park et al., 2003; Baydar and Ozmen, 2005). These
studies demonstrated the effectiveness of jet impingement at maintaining very low
thermal resistances, especially in the jet’s stagnation zone. A key drawback in using a
single jet to cool the surface of an electronic device is large variation of surface
temperature caused by a sharp reduction in the heat transfer coefficient away from the
stagnation zone. Multiple jets are often used to attenuate those variations by creating
multiple, closely spaced stagnation zones. Here too, problems arise due to flow blockage
between closely spaced jets especially for jets that are situated towards the center of the
device surface. Blockage for the central jets can also greatly complicate coolant

distribution and exit of the spent fluid (Jiji and Dagan, 1987). Clearly, better means are
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needed to capitalize upon the merits of multiple jet impingement while facilitating a more
advantageous flow distribution inside of, and exit from, a cooling module.

Micro-channel heat sinks have been studied quite extensively for chip cooling
applications. In an early highly cited study, Tuckerman and Pease (1981) demonstrated
heat removal rates up to 790 W/cm® using water as working fluid. A key advantage of
micro-channel heat sinks is their ability to achieve high heat transfer coefficients using
coolant flow rates that are far smaller than those required with jet impingement.
However, this advantage is realized with a very large temperature rise along the direction
of fluid flow as well as large pressure drop, both of which are very undesirable in
electronics cooling. In addition to experimental work, several numerical studies have
been published on the fluid flow and heat transfer characteristics of micro-channel heat
sinks (Kim and Kim, 1999; Fedorov and Viskanta, 2000; Qu and Mudawar, 2002). Qu
and Mudawar (2002) demonstrated that the conventional Navier-Stokes and energy
equations provide accurate prediction of a heat sink’s heat transfer characteristics.

Clearly, both jet-impingement and micro-channel heat sinks can dissipate the high
heat fluxes anticipated in future high performance devices. However, as explained
above, both have drawbacks. In a previous study, the author of the present study
proposed an effective means for capitalizing upon the merits of cooling schemes while
alleviating some of their shortcomings (Sung and Mudawar, 2006). They showed how a
“hybrid” cooling scheme consisting of a single slot jet that fed fluid into micro-channels
can meet the challenges of future high performance electronic devices by facilitating the
dissipation of high heat fluxes while also maintaining uniformity in the device surface
temperature.

Regardless of which cooling scheme is used, dissipating very large heat fluxes
can lead to unacceptably high device temperatures. All electronic devices have upper
temperature limits that are dictated by material and performance constraints. One
effective means for maintaining the device temperature below this limit during high-flux
heat dissipation is to greatly decrease the coolant temperature. One example of a
successful low temperature cooling system is the Kleemenko cooler, which provides 80

W of refrigeration for device cooling at -96 °C (Little, 2000). Aside from thermal
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benefits, low temperatures provide significant enhancement in device functionality and
reliability. Naeemi and Meindl (2004) demonstrated 4.3 times higher CMOS chip
performance at -100°C than at 85°C. Schmidt and Notohardjono (2002) showed low
temperature cooling offers orders of magnitude improvement in reliability. Overall, low
temperatures facilitate faster switching times of semiconductor devices, increase circuit
speed (due to lower electrical resistance of interconnecting materials), reduce thermally
induced failures, and improve device performance by decreasing current leakage.
Refrigeration cooling can be implemented in one of two configurations, direct-
refrigeration cooling and indirect-refrigeration cooling. Direct refrigeration involves
inserting the cooling module as an evaporator in a vapor compression cycle, and using
the refrigerant as coolant for the electronic device. Indirect-refrigeration cooling involves
using a separate cooling loop in which a liquid coolant is used to remove the dissipated
heat, which is rejected a separate vapor compression cycle. While the direct-refrigeration
system is simpler and more compact, the indirect-refrigeration system provides greater
flexibility in coolant selection, as well as allows the use of a non-pressurized cooling

module.

1.2. Effect of Circular-Jet Patterns on Single-Phase Heat Transfer Characteristics

With the hybrid cooling scheme, the coolant is introduced gradually as a series of
jets into each micro-channel of a micro-channel heat sink, and is expelled symmetrically
through both ends of the micro-channel. Unlike conventional micro-channels, where the
temperatures of both the coolant and the device to which the micro-channel heat sink is
attached increase along the direction of fluid flow, the hybrid scheme supplies low
temperature coolant at various locations along the micro-channel. This helps enhance
temperature uniformity of both coolant and device. Another benefit of the hybrid scheme
is a reduction in pressure drop compared to conventional micro-channel heat sinks. The
hybrid cooling scheme is also superior to multi-jet-impingement modules in its ability to
better manage the flow of spent coolant, prevent flow instabilities, and reduce flow

blockage. In the examination of the effect of the jet pattern configurations, three different
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jet patterns are compared. The first, decreasing-jet-size pattern, consists of jets that
decrease in size symmetrically from the center of the micro-channel towards the two
ends. The second, equal-jet-size pattern, consists of jets of equal size uniformly
distributed along the micro-channel, like those used in the authors’ earlier studies. The
third, increasing-jet-size pattern, consists of jets that increase in size from the center of
the micro-channel towards the two ends. The same total flow area of all jets is used for

each jet pattern.

1.3. Two-Phase Heat Transfer Characteristics

Phase change greatly enhances the cooling performance of both micro-channel
flow and jet impingement. This enhancement is of paramount importance for
applications requiring the removal of large amounts of heat from very small device
surface areas. With single-phase liquid cooling, increasing heat flux produces a
proportional increase in device-to-fluid temperature difference. On the other hand, phase
change produces only a mild increase in temperature difference corresponding to large
increases in heat flux. This attractive cooling performance is realized within the nucleate
boiling regime as long as the device heat flux is safely below critical heat flux (CHF).

Bowers and Mudawar (1994) provided the earliest framework for designing and
modeling micro-channel heat sinks. Since their study, many other studies were
published, which examined various performance and modeling aspects of two-phase
micro-channel cooling. Qu and Mudawar (2003) conducted an experimental study of
two-phase micro-channel heat sinks. The two types of hydrodynamic instabilities, severe
pressure oscillation and mild parallel channel instability, were classified from the
observations of the two-phase flow patterns inside the micro-channels. Lee and
Mudawar (2005) carried out a two-phase experiment of the micro-channel heat sinks of
R134a for refrigeration cooling applications. In their experimental study, the parallel
channel instability could be reduced by increasing the amount of throttling upstream and
a heat flux.

Researchers have also investigated two-phase boiling heat transfer characteristics

of impinging jets. Wadsworth and Mudawar (1990) conducted single-phase and two-
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phase experiments of a confined slot jet impingement of subcooled FC 72 on a 12.7 mm
x 12.7 mm heat source. The use of multiple jets enhanced cooling uniformity by creating
several impingement zones. However, multiple jets promoted flow blockage between the
jets and complicate fluid distribution downstream from the impinging zone. Wolf ef al.
(1996) presented two-phase heat transfer characteristics of a free slot jet impingement
with inlet velocity of 2 to 5 m/s. They indicated the two-phase heat transfer coefficient
was independent of jet velocities in fully developed boiling regime. Yang et al. (2001)
showed bubble growth on the surface was affected by high subcooling due to the vapor
condensation by experimental study with a free circular jet. Tay et al. (2002) indicated
the non-uniform temperature distribution at jet impingement might cause additional

thermal stress on the chip package.

1.4. Critical Heat Flux

Convective cooling with phase change is especially attractive for high
performance devices because of the enormous heat transfer coefficients that can be
realized. For a given coolant temperature, such high convection coefficients facilitate the
removal of large heat fluxes while maintaining relatively small device surface
temperatures. Another important advantage of phase change stems from the strong
dependence of the heat transfer coefficient on heat flux.  Large increases in the
magnitude of the heat transfer coefficient with increasing heat flux implies the device
will incur only modest temperature increases corresponding to fairly substantial increases
in power dissipation. Minimizing the fluctuations in device temperature is paramount to
both the reliability and the structural integrity of an electronic package.

However, phase change systems are not without drawbacks. They are typically
more difficult to implement and more expensive than their single-phase counterparts.
This is why they are favored only in situations where single-phase systems are deemed
incapable of meeting the cooling requirements of a given device or system. Furthermore,
the aforementioned advantages of convective phase change cooling are realized only

within the nucleate boiling regime. This regime is maintained only as long as the coolant
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can adequately replenish the surface region where the liquid is rapidly converted to
vapor. Intense vapor effusion ultimately begins to restrict liquid access to this region,
triggering appreciable deterioration in the cooling effectiveness. This process reaches its
most dangerous state at the critical heat flux (CHF), where the bulk liquid is no longer
able to replenish the surface region. Should the device heat flux exceed this limit, most
of the heat dissipated in the device will be trapped in the device itself, causing a sudden
unsteady escalation in the device temperature, which can lead to catastrophic failure. The
ability to both predict and prevent CHF is therefore of paramount importance to the
safety and integrity of any two-phase electronic cooling system.

Flow-boiling CHF can be classified as either saturated or subcooled, depending
upon the bulk fluid temperature at the outlet (Qu and Mudawar, 2002). Saturated CHF is
generally encountered with small flow rates, low inlet subcoolings and large length-to-
diameter ratios; conditions where a significant fraction of the liquid flow is converted
into a continuous vapor core. The remaining liquid is divided between a thin film that
persists upon the heated wall and droplets that are entrained in the vapor core. Under
these conditions, CHF takes the form of dryout of the liquid film. Micro-channel flows
are especially prone to this type of CHF since they are used in applications demanding
low flow rates and large length-to-diameter ratios (Qu and Mudawar, 2002).

Subcooled CHF is generally associated with high flow rates, small length-to-
diameter ratios and high inlet subcoolings. Here, the bulk fluid maintains a
predominantly liquid state at the outlet with a relatively small mass of vapor confined to
the heated wall. Subcooling plays a vital role in all stages of the vaporization process.
Subcooled liquid can absorb an appreciable fraction of the heat supplied at the wall
before it is converted to vapor. This is why subcooled CHF can be far greater than
saturated CHF for the same flow rate (Collier and Thome, 1994).

Decades of research have culminated in several useful correlations for CHF in
both jet impingement and mini/micro-channel flows. Most of these correlations are
based on Katto’s formulation for saturated flow boiling CHF, which provides a generic
dimensionless form adaptable to different flow configurations, coolants, flow rates, and

pressures (Katto, 1983).
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where U and d are the characteristic velocity and characteristic length associated with the
two-phase system. Additional dimensionless geometrical terms are also incorporated
where the system involves more than one characteristic length. Observing a negligible
dependence of experimental CHF data on viscosity or gravity, Katto suggested

simplifying Eq. (1.1) to the following form:
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What is lacking in Eq. (1.2) is the strong dependence of CHF on subcooling. Mudawar ez
al. (1987) and Mudawar and Maddox (1989) modified an earlier theoretical CHF model
that was developed by Haramura and Katto (1983) for both pool boiling and flow boiling.
The modified model incorporated the effects of subcooling on both the hydrodynamic
instability between the liquid and vapor phases, and the energy required to vaporize the
near-wall liquid just prior to CHF. They showed the ratio of subcooled to saturated CHF

can be expressed as

¢ AT, | c AT |
A . o [1+——"'fh b] [1+Cx,,,, Dfed wi) (1.3)
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&L

where Cy,», m, and n are empirical constants.

As discussed below, two flow configurations that are important to the present
study are slot jets and micro-channel flow. Following is a brief discussion of CHF
findings concerning these specific flows.

The vast majority of jet impingement studies concern single and multiple free
circular jets. In one of the most comprehensive studies, Monde (1987) identified
different CHF regimes (V-, L-, I- and HP-regimes) for circular jets corresponding to
different flow rates and different pressures. Monde and Mitsutake (1996) extended these
findings to multiple circular jets. Johns and Mudawar (1996) showed the nozzle-to-

surface distance has a negligible effect on CHF.
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Mudawar and Wadsworth (1991) developed a module that provided uniform
cooling to a 3 x 3 array of heat sources, each cooled by a confined rectangular jet of FC-
72. They developed a correlation for CHF independent of nozzle-to-surface distance and
which showed CHF is proportional to U*7. A key practical finding from their study is
that CHF is a far stronger function of jet velocity than flow rate. In other words, CHF
can be increased for a fixed flow rate simply by decreasing the jet width. Recently,
Meyer et al. (1996) extended these findings to a heat source that is cooled by multiple
slot jets.

Far fewer CHF studies are available for micro-channel heat sinks. Qu and
Mudawar (2002) recently examined CHF for a heat sink containing parallel rectangular
micro-channels. They showed the interaction between micro-channels is responsible for

drastic differences in CHF compared to a single micro-channel.

1.5. Objectives of Present Study

A new hybrid cooling scheme is discussed that ensures excellent heat removal
capability while maintaining fairly uniform surface temperature. This scheme involves
feeding coolant from a series of circular micro-jets or slot jets to each micro-channel in a
modified micro-channel heat sink module. Numerical simulation is first used to select
key geometrical parameters, and the selected geometry is then examined experimentally.
A super-positioning technique is used to develop a single-phase heat transfer correlation
for this new cooling scheme.

The single-phase heat transfer characteristics and the flow field of the hybrid
scheme are explored both numerically and experimentally. The laminar zone thickness
of jet flow on the surface was calculated and imposed into the commercial FLUENT code
(2005) to capture the heat transfer characteristics induced by strong jet interactions. The
accuracy of the numerical results with laminar zones was first assessed against
experimental data for HFE 7100. The single-phase heat transfer characteristics of micro-
circular-jet configuration are then discussed at two different flow rates. An experimental

investigation of the two-phase heat transfer characteristics is also conducted, and a new
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empirical two-phase heat transfer correlation is developed for accurate predictions in the
hybrid scheme.

The objective in examining these three configurations is to explore any potential
cooling benefits that may be realized as a result of modulating the relative contributions
of jet impingement and micro-channel flow in various regions of the micro-channel. To
further enhance cooling performance, the three jet patterns are tested in an indirect-
refrigeration cooling system. Two ultimate cooling objectives are to achieve, for a given
flow rate, the highest possible heat transfer coefficient (i.e., lowest wall temperature) and
lowest wall temperature gradients. Numerical simulation is used to predict both the
complex micro-jet/micro-jet flow interactions and wall temperature distribution. Also
presented is a simple, yet very effective scheme for correlating single-phase heat transfer
coefficient data. The performances of the three patterns are compared relative to the
magnitude of two-phase heat-transfer coefficient, average surface temperature, pressure
drop and CHF.

This study also explores the parametric trends of CHF for a new hybrid cooling
scheme whose single-phase cooling performance was recently examined by the authors
(2006). This scheme capitalizes upon the merits of both jet impingement and micro-
channel flow. An area-averaged CHF correlation is constructed by applying CHF
correlations for the portions of the heated surface that are influenced by jet impingement

and channel flow.
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CHAPTER 2. EXPERIMENTAL METHODS

2.1. Flow Loop
Figure 2.1 shows the flow loop that was configured to supply 3M Novec liquid

HFE 7100 to a test module that housed the hybrid cooling configuration. This dielectric
liquid was supplied from a reservoir with the aid of a centrifugal pump. The liquid first
passed through a heat exchanger, where its temperature was greatly reduced by sensible
heat exchange to refrigerant in a two-stage cascade chiller. The mass flow rate of HFE
7100 was measured by a Coriolis flow meter before the liquid entered the test module.
The coolant flow was throttled using two control valves, one located upstream and the
second downstream of the test module. The downstream valve also set the desired test
module outlet pressure. After exiting the test module, the liquid returned to the reservoir

to complete a full flow cycle.

2.2. Test Module

Figure 2.2 illustrates the layered construction and assembly of the test module.
The micro-channels were machined into the top surface of a copper heating block. The
test module also included a micro-jet plate, an upper plenum plate, a lower support plate,
and 16 cartridge heaters. Figure 2.3 shows further details and key dimensions of the
heating block. This block was tapered in two steps to improve temperature uniformity
along its topl.0 x 2.0 cm? test surface. Machined into its top surface were five 1 mm
wide and 3 mm deep slots. Six copper-constantan (type-T) thermocouples were inserted

below the test surface to monitor its temperature. Sixteen holes were drilled into the
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Figure 2.3 Details of copper heating block.
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large underside of the heating block to accommodate the cartridge heaters. These heaters
were connected in a combined series/parallel circuit and powered by a single 0-110 VAC
variac. Total power dissipation from the cartridge heaters was measured by a Yokogawa
WT 210 wattmeter. The top plenum plate and lower support plate of the test module
were fabricated from high temperature fiberglass plastic (G-11). Blanket insulation
around the circumference, and solid ceramic insulation at the bottom of the copper block
helped minimize heat loss to the ambient. RTV silicone rubber was applied along the
interface between the heating block and lower support plate to prevent liquid leakage.
O-rings were used to prevent liquid leakage between the jet plate and the upper
plenum plate and lower support plate. An absolute pressure transducer and a type-T
thermocouple were connected to the inlet plenum in the top plenum plate. Another
absolute pressure transducer and a second type-T thermocouple were connected to the
outlet plenums in the lower support plate. Four stainless steel pins were used to align the
cover plate with the housing to ensure accurate placement of the jets relative to the

micro-channels.

2.2.1. Micro-Jet Plates

The micro-jet plates were fabricated from oxygen-free copper. Five parallel
arrays of fourteen 0.39 mm diameter circular holes were drilled equidistantly within the 1
cm width facing the five micro-channels in the circular-jet plate. The slot-jet plate, which
is also fabricated from oxygen-free copper, has five parallel 0.6 mm wide by 1.65 mm
deep and 2.94 mm long slots machined equidistantly, facing the micro-channels of the
heating block. For the jet pattern configurations, three different micro-jet patterns are
examined; each pattern is formed in a separate micro-jet plate. In the first micro-jet plate,
jets decrease in size along each side of the micro-channel. The second plate has equally-
sized jets, and, in the third plate, jets increase in size along each side of the micro-
channel. In each plate, five parallel arrays of circular holes are drilled within the 1-cm

width facing the five micro-channels. It is important to emphasize that the sum of flow
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areas of all jets is the same for all three micro-jet plates. The micro-jet plates are

fabricated from oxygen-free copper.

2.3. Operating Procedure and Measurements

Once the required operating conditions were achieved, electric power was
supplied to the test module’s cartridge heaters in small increments up to CHF. Key
parameters were measured after steady state was achieved following each power
increment. These include module inlet pressure, P, outlet pressure, P,,, inlet
temperature, 7, outlet temperature, 7,,,, heating block thermocouple temperatures, and
heater power input, Py. The total volumetric flow rate was determined from the

measured mass flow rated, m, and coolant density, py,

Da— 2.1)

The effective heat flux, q;[,, from the top test surface of the copper heating block

was determined by dividing the total electrical power input, Py, by the test surface area,

A, =10 x 20 mm’. Thus,

. PW
= — 2.2)
9.5 A, (
The heat transfer coefficient was calculated from
- qe[f
l’l i 23
(T.-1,) -

where 7, is the mean temperature of the test surface.

Special attention was given to minimizing heat loss from the copper block. A 3-D
numerical model of the entire test module yielded a heat loss to the ambient of less than
4% of the electrical power input during the two-phase region. The heat fluxes reported in

the present paper are therefore based on the measured electrical power input.
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Measurement uncertainties associated with the pressure transducers, flow meter,

wattmeter, and thermocouples are 0.5%, 0.1%, 0.5%, and 0.3°C, respectively. Table 2.1

summarizes the operating conditions of the study.

Table 2.1 Experimental operating conditions.

Inlet temperature  Jet velocity ~ Outlet Pressure  Effective heat flux

Working fluid ,
Tin (°0O) Ujer (m/s) Poy (bar) q " e (W/em®)

HFE 7100 -40t0 20 0.48 t0 7.35 1.31to 1.67 16.06 to 1,127.00
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CHAPTER 3. NUMERICAL METHODS

3.1. Standard k-& Model

Figures 3.1 and 3.2 show unit cells that were used in the numerical simulation for
circular jets and slot jets, respectively. Each unit cell consists of one of the five micro-
channels along with the associated array of circular micro-jets or slot micro-jets and
surrounding solid. Key dimensions of the unit cells are given in Table 3.1 and Table 3.2.
The unit cell figures show both top and side cross-sectional views of the unit cell and
corresponding coordinate system and key notations. Because of symmetry, a

computational domain consisting of only one quarter of the unit cell is required.

Table 3.1 Dimensions of unit cell for circular jets.

L(mm) L,(mm) L,(mm) L,(mm) L,(mm) W(mm) W, (mm) W,(mm)

20.00 4.00 6.00 3.00 6.00 1.83 1.00 0.42

H(mm) H,,

(mm) H

ch

(mm) H,(mm) H,(mm) D,, (mm) D,, (mm) D,,; (mm)

14.27 1.65 3.00 1.62 5.08 0.60 0.45 0.30

Dje/4 (mm) th/] (mm) LjeIZ (mm) chr] (mm) Ljel4 (mm) ijS (mm)

0:39 1.84 1.62 1.44 1,23 1.43

Flow profiles and heat transfer characteristics of the computational domain were

predicted using FLUENT 6.2.16 (2005), which is based on the finite volume method
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(FVM). The geometry and meshes for the computational domain were generated using
Gambit 2.2.30 (2006). The standard two-equation k-¢ turbulent model (Launder and

Spalding, 1974) was used for the closure of the Reynolds stress tensor.

Table 3.2 Key dimensions of unit cell for slot jets.

L(mm) L;(mm) L;(mm) L;(mm) Ly(mm) L (mm) W (mm) Wi, (mm)

20.00 4.00 6.00 3.00 6.00 2.94 1.83 0.60

Wch (mm) Ww (mm) H (mm) HjL’I (mm) Hch (mm) H\v (mm) th (mm)

1.00 0.42 14.27 1.65 3.00 7.62 5.08

Solid-liquid interfaces are governed by continuities of both temperature and heat flux,

Ts.r = Tf.r’ (3‘1)
)
and —ksﬁ = -k, —L{. 3.2)
on | an |

Conservation equations are expressed in the Cartesian tensor notation for steady,
turbulent and incompressible flow with constant properties as follows.

For the fluid region:

U,

ke [ 3.3
™ (3.3)

U, oP 1% oU,
e o, el 3.4)

e, o'?xj((uf u)dj (

aT J Cp s M| dT
d 1@ U——=_— k + s =13 35
o Pr€os T ox c?xj[( A7 P )ckj) e
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€ ok
where , = “—pf—— (3.6)
€

i . B[ o BN i 5 3.7)

§ jo’?xj ox; g 0, )0x; sl '

de 0 u, | de £ £

and U—=—-I|lk,+—+|—|+CG—-C,p,—. 3.8
% " ox, dxj((j Oe)c?xj e R )

The production of turbulent energy is defined as G =-u,u;dU,/ox;. The following

values are used for the coefficients in the above equations: CH =0.09. Cpr=144, C, =
1.92, o, = 1.0, o, = 1.3, and Pr, = 0.85.

For the solid region:

U, =0, (3.9)
and B T (3.10)
ox;\ " ox;

Heat transfer in the unit cell is a conjugate one combining conduction and convection

effects. The boundary conditions were specified as follows:

u=0,v=0, w=-U, and T = T}, for the jet inlet (3.11)
m=nm,, . 0, Lo 0, and L 0, for the channel outlet. (3.12)
ox ox ox

For the solid regions, a constant heat flux was applied along the copper bottom boundary

of the unit cell:

or .
-k.—=q,.,, 3.13
where q:,f, was determined from measured electrical power input as
.
el 44 3.14
qejf A’ ( )
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A zero heat flux condition was applied to all solid thermal boundaries except the
interfaces between fluid and copper. The SIMPLE (Semi-Implicit Method for Pressure-
Linked Equations) algorithm by Patankar (1980) was used to couple velocities and
pressure. A total of 593,460 mesh cells was used in the selection of geometry numerical
simulation. Three different mesh sizes were tested using 195,720, 414,656 and 693,500
elements for circular jets. To examine the effects of mesh size for slot jets, 84,000,
288,000 and 517,500 mesh elements were also tested. The middle mesh size was used
because temperature differences were less than of the finer mesh. The middle mesh sizes
of both jet schemes were employed in single-phase heat transfer characteristic study
because temperature differences between the two finer mesh sizes in circular jets and slot

jets were less than 2.27% and 3.2%, respectively.

3.2. Determination of Extent of Laminar Zone

Two concerns in implementation of the numerical methods described in this study
are (1) the suitability of the standard k-& model to the present flow configuration, which
involves complex interaction of jets with parallel channel flow, and (2) determination of
the radial extent from the jet’s stagnation point where the turbulent zone commences. To
determine the upstream radial location of the turbulent zone, laminar flow is imposed on
the computational domain from the jet inlet to the stagnation zone, and a portion of the
wall jet surrounding the stagnation zone. The computational domain in FLUENT is
therefore divided into two sub-zones, a laminar zone and a turbulent zone.

Determining the extent of the laminar zone away from the stagnation zone based
on first principles is quite elusive. However, lot of insight may be gained from a related
flow configuration involving a free circular impinging liquid jet. For a circular free jet,
Fig. 3.3 shows the flow field along a heated surface can be classified into four regions: a
stagnation zone, a boundary layer region, a similarity or fully viscous region and a
turbulent region. Within the stagnation zone, the circular jet flow decelerates normal to
the surface but accelerates radially, and the flow is laminarized flow by a strong radial

pressure gradient (Incropera, 1999). Watson (1964) used inviscid theory to determine
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thickness 4 of the wall jet on the surface in the stagnation zone. For inviscid Bernoulli

flow, mass conservation yields

n—DjL'U. =2grhl . ; (3.16)
: jer
which can be simplified into
h=(D8—§r”-)+{l— 3%&}6 Jor £.<r=i; 3.17)
where
£ BT o140 (3.18)

=n_CﬁchlRejel

In the fully viscous region, hydrodynamic boundary layer thickness is the same as the
thickness of liquid wall layer, d = h. Here, viscous effects extend across the entire liquid
film, and the mean liquid velocity decreases r. Watson (1964) derived the following
relation for liquid layer thickness in this region based on the velocity similarity profile

with a Jacobi elliptic function as follows:

o
=3817§D( = ) ; JOr BAr<r, (3.19)
Jer ejm r
where
1=0.3296D,,Re',,. (3.20)

The radius between the developing boundary layer region and fully viscous region is

given as

r,=0.1834 D, Re',) (3.21)

Jer

Returning to the present hybrid cooling configurations, it must be noted, for the
minimum jet velocity tested of Uj, = 2.68 m/s, the distance L, between jets feeding
liquid into a single micro-channel is shorter than the radius, rp, where the fully viscous

region begins. This means only the stagnation and boundary layer regions of the wall
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liquid layer are of importance there. Therefore, the laminar flow was imposed on the
flow domain between the jet inlet and stagnation zone, as well as up to height 4(r) from
the wall as given by Egs. (3.17) and (3.16). Turbulence was permitted everywhere else in
the computational domain.

For examining the effects of jet patterns on single-phase heat transfer, the
computational domain in FLUENT is therefore divided into two sub-zones, a laminar
zone and a turbulent zone. For each jet pattern, the laminar thickness for each jet size is

determined and the smallest laminar zone height is used for all jets.
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CHAPTER 4. SINGLE-PHASE NUMERICAL RESULTS

4.1. Effects of Micro-Channel Geometry

As discussed earlier, high temperatures and large spatial temperature gradients are
two key obstacles to the implementation of many seemingly effective high-flux cooling
schemes (Mudawar, 2001). In this study, the effects of liquid inlet velocity and cooling
geometry on both maximum surface temperature and spatial temperature variations were

investigated for different values of jet velocity in pursuit of optimal geometry.

4.1.1. Circular Jets
Referring to Fig. 3.1, the performance of the hybrid configuration was examined
by varying two key geometrical parameters: micro-channel width (W) and micro-
channel height (H,,). The performance predictions were repeated for three jet velocities,

1, 5 and 10 m/s for an inlet HFE 7100 liquid temperature of 0 °C and a heat flux of q;ﬁ =

300 W/cm®. Both the diameter and pitch of the circular jets were held constant in this
parametric study. Geometrical parameters used in the circular jet optimization are

summarized in Table 4.1.

Table 4.1 Dimensions tested in numerical parametric study for circular jets.

Hcp (mm) W, (mm) Dj,; (mm) Ujer (m/s)

1.00, 3.00, 6.00 1.00, 1.40 0.39 1.5, 10
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Figure 4.1 Numerical predictions of the effects of micro-channel height on surface
temperature for jet velocities of (a) Ujer= 1 m/s, (b) Uja=5 m/s, and (c) Ujer= 10 m/s.
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(a)

(b)

Figure 4.2 Streamline plots for Hy; = 1 mm, We,= 1 mm and jet velocities of (a) Ujer = 1
m/s and (b) Uje; = 5 m/s.
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Figure 4.1 shows the parametric effects of micro-channel height for a fixed width
of W, = 1 mm and three jet velocities. Notice the large overall decrease in surface
temperature as jet velocity is increased from Uy, = 1 to 10 m/s caused by the large
dependence of the convective heat transfer coefficient on jet velocity. For U, =5 and 10
m/s, Fig. 4.1 shows an advantageous decrease in the maximum surface temperature with
decreasing channel height. By reducing channel height, the jet flow is better able to
penetrate the liquid flow in the micro-channel, and the impingement effect is felt more
strongly at the surface. However, the decrease in maximum surface temperature realized
by reducing micro-channel height is accompanied by more appreciable temperature
gradients both locally and along the entire length of the micro-channel. The local
gradients are the result of the aforementioned strong impingement effects, while the
overall gradient is due to increased flow rate along the micro-channel. However, Fig.
4.1(a) shows reducing micro-channel height from 3 to 1 mm increases surface
temperature.

To explain these seemingly opposite trends, streamline plots were generated for
the smallest micro-channel height of H., = 1 mm for Uy, = 1 m/s, Fig. 4.2(a), and U, = 5
m/s, Fig. 4.2(b). Notice in Fig. 4.2(a) for the low velocity case that while the upstream
jet (close to central region of micro-channel, where flow rate is zero) can easily impact
the surface, its spent fluid makes it difficult for the second jet to penetrate towards the
surface. The spent fluid from the first and second jets makes it even more difficult for the
third jet to reach the surface, and so on. On the other hand, Fig. 4.2(b) shows that despite
the increasing flow rate of spent fluid from upstream, jets at Uy, = 5 m/s are better able to
penetrate the micro-channel flow. In other words, heat removal is dominated more by
micro-channel flow at Uy, = 1 m/s and by jet impingement at Uy, = 5 m/s. Clearly, the
effects of jet impingement must diminish even at Uy, = 5 m/s had longer micro-channels
been tested. For the lower jet velocity, the reduced surface temperature achieved by
increasing micro-channel height from 1 to 3 mm (see Fig. 4.1(a)) is apparently the result
of the increased heat transfer area available for the micro-channel flow.

Figure 4.3 shows the effects of micro-channel width, W, on surface temperature

for H., = 3.0 mm and Uy, = 5 m/s while maintaining a fixed pitch of W= 1.83 mm
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Figure 4.3 Numerical predictions of the effects of micro-channel width on surface

temperature for Uj,= 5 m/s and H.,= 3 mm.
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between micro-channels. As shown in Fig. 3.1, increasing W, decreases the
micro-channel wall thickness W,,. Figure 4.3 shows increasing W, by reducing W, from
1.4 to 1.0 mm decreases both surface temperature and temperature gradient along the
Figure 4.3 shows the effects of micro-channel width, W, on surface temperature for H,,
= 3.0 mm and U, = 5 m/s while maintaining a fixed pitch of W = 1.83 mm between
micro-channels. This behavior is believed to be the result of the increased contribution of

conduction through the thicker sidewalls.

4.1.2. Slot Jets
A numerical parametric study for the hybrid micro-channel/micro-slot jet cooling
module was conducted by varying micro-channel height, H.,, micro-channel wall

thickness, W,,, and jet width, W, as indicated in Table 4.2.

Table 4.2 Dimensions tested in numerical parametric study for slot jets.

Hcp (mm) Wen (mm) Wie: (mm) Ujer (m/s)

1.00, 3.00 1.00, 1.40 0.30, 0.60 5,10

Figure 4.4(a) shows the effects of micro-channel height on surface centerline
temperature for W,, = 0.43 mm, Wj,, = 0.6 mm and jet velocities of U, = 5 and 10 m/s.
The higher jet velocity is shown decreasing the maximum surface temperature
appreciably. Due to the fin effect of the micro-channel copper sidewall, a lower axial
temperature gradient is achieved at Uy, = 5 m/s for H., = 3 mm compared to | mm. This
effect appears to subside appreciably for U, = 10 m/s because of apparent dominance of
jet impingement with the channel’s bottom wall compared to the fin effect.

Figure 4.4(b) shows that surface temperature is reduced for Uy, = 5 m/s by
decreasing channel width because stronger jet vorticity along the channel sidewalls

increases the contribution of sidewall conduction. Additionally, mean flow velocity
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along the micro-channel increases with decreasing W, which helps decrease the axial
temperature gradient as well. For a fixed W, decreasing jet width, Wj., in half while
maintaining the same flow rate requires doubling jet velocity. Figure 4.4(b) shows higher
jet velocity decreases surface temperature, although the axial temperature gradient is
greater. This trend points to a very important practical conclusion concerning maximum
surface temperature: for a given flow rate, higher heat transfer coefficients and lower
surface temperatures are possible simply by decreasing jet width. Obvious limits to how
small jet width can be made are manufacturability and high pressure drop.

Using these parametric trends of micro-channel geometry as a guide to achieving
favorable cooling performance, experiments were performed using the geometry detailed

in Table 3.1 and Table 3.2.

4.2. Comparison of Numerical Predictions with Experimental Results

Figures 4.5 and 4.6 compare numerical predictions of temperature distribution
along the thermocouple line inside the copper heating block with the thermocouple
measurements for circular jets and slot jet, respectively. Both the numerical predictions
and experimental data show wall temperature decreases with decreasing liquid inlet
temperature for about the same jet velocity and wall heat flux. Both predictions and
experimental data also show strong influence of jet velocity on cooling performance. For
an inlet temperature of 7,, = 0 °C in Fig. 4.5, increasing jet velocity from U, = 2.68 to
4.53 m/s, facilitates the removal of nearly twice the wall heat flux while incurring only a
mild increase in wall temperature.

Close agreement between predicted and measured temperatures proves the single-
phase performance of the present hybrid cooling scheme can be accurately predicted with
the Navier-Stokes and energy equations using the standard k-& model. This agreement
also demonstrates the effectiveness of the technique discussed earlier in relation to

determining the extent of the laminar zone of the computational domain.
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Figure 4.6 Comparisons of numerical prediction along the thermocouple line with
measured temperatures for the micro-slot-jet configuration.
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4.3. Parametric Trends of Cooling Characteristics

4.3.1. Circular Jets
Table 4.3 summarizes the different numerical simulation tests that were used to

examine the cooling performance of the hybrid cooling scheme.

Table 4.3 Numerical simulation cases using HFE 7100 as working fluid.

Inlet temperature Flow rate Jet velocity Effective heat flux
T (°C) O (m’/s) Uer (m/s) g (Wiem?)
0 734 x 10° 0.90 53.39
20 2.19% 107 2.68 84.11
0 298 % 107 2.78 96.27
0 371 x 107 4.53 162.15

Figures 4.7(a) and 4.7(b) show temperature distributions along the micro-

channel’s bottom wall for q;ﬁ = 53.39 W/em® and U, = 0.90 m/s, and q;ﬂ = 162.15

W/cm® and U, = 4.53 m/s, respectively. For the weak jet case, Fig. 4.7(a), heat transfer
appears dominated more by the micro-channel flow than by jet impingement. Since
coolant flow rate increases along the flow direction, the heat transfer coefficient is
highest and wall temperature lowest near the outlet (x = 10 mm). The reverse is true for
the strong jet case, Fig. 4.7(b). Here, heat transfer is appears to be influenced more by jet
impingement than by the micro-channel flow, evidenced by both the local depressions in
wall temperature immediately below the jets as well as lower overall wall temperatures.
Due to the fin effect of the micro-channel sidewall, lower temperatures are
achieved along the corner of the micro-channel’s bottom wall for both weak and strong

jet cases.
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Figure 4.8 shows bottom wall temperature distribution including the region below the
micro-channel sidewall. Temperature profiles are shown for four different axial
locations, x = 0, 3, 6, and 9 mm. These profiles depict the aforementioned fin effect of
the micro-channel sidewall. The small variations between temperature profiles
corresponding to different axial locations clearly highlights the effectiveness of the
hybrid cooling scheme at virtually eliminating the axial temperature gradients often
associated with conventional micro-channel heat sinks.

Figure 4.9 shows further evidence of the relative contributions of jets and micro-
channel flow for weak and strong jets. Streamline plots in Fig. 4.9(a) corresponding to
weak jets show jet flow is barely able to penetrate the axial micro-channel flow and have
its effect felt at the wall. This is especially the case for downstream jets that face
increasing resistance from the gradually increasing micro-channel flow. On the other
hand, Fig. 4.9(b) shows jets are better able to penetrate the micro-channel and produce
strong impingement effect at the wall. Despite the increasing micro-channel flow in the
x-direction, Fig. 4.9(b) shows the jet fluid approaching the wall for most jets, though
downstream jets appear to be facing greater resistance from the micro-channel flow. This
strong impingement effect is manifest in Fig. 4.7 in the form of greater heat transfer
coefficients. These trends are further illustrated with plots of heat flux distribution along
the bottom wall of the micro-channel. These distributions are shown for weak and strong
jet cases in Figs. 4.10(a) and 4.10(b), respectively. In these plots, local heat flux is

evaluated as

aT;
q"'=—-k.— , 4.1)
on |

where k- is the interface thermal conductivity obtained by the harmonic mean of ks and k.
Both figures show higher heat fluxes are encountered near the jet centerline, but this
effect is more noticeable for the strong jets. Heat flux is quite small in the corner of the
micro-channel where the flow is weakest. For the weak jet case, Fig. 4.10(a), the highest
heat flux is encountered near the first jet closest to the center of the micro-channel, and
the lowest heat flux near the micro-channel center (x = 0). Notice that local heat flux

peaks are dampened by the micro-channel flow for all jets excepting the most upstream.
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Figure 4.9 Streamline plots for (a) Uje, = 0.90 m/s and (b) Ujer =4.53 m/s.
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Figure 4.10 Numerical plCdlCthﬂS of micro-channel bottom wall heat flux dlsmbutlon

for (a) ¢ "er=53.39 W/cm? and Ujer = 0.90 m/s, and (b) g ”¢r= 162.15 W/cm?® and
Ujer = 4.53 m/s.
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On the other hand, Fig. 4.10(b) shows strong jets produce noticeable local peaks
in the heat flux distribution for several upstream jets. However, the peaks are ultimately
dampened for the three most downstream jets.

Similar trends also shown in Fig. 4.11 in the form of Nusselt number distribution
along the bottom wall, where the local Nusselt number is defined as
= -—-q" Lj” "

k,(T,-T,)

Nu

(4.2)

4.3.2. Slot Jets
Figures 4.12(a) and 4.12(b) show temperature distribution of the micro-channel

bottom wall of the unit cell, including the sidewall, for q:jf =20.58 W/cm’ with Re,, =
2,892 and q;ﬂ =76.37 W/cm®’ with Re,, = 26,764, respectively. Overall, surface

temperature increases along the micro-channel flow direction, and higher temperatures
are encountered near the outlet. Comparing the two figures shows higher jet velocities
decrease surface temperature. Slightly lower surface temperatures are achieved below
the sidewall due to the aforementioned fin effect. Along the centerline of the micro-
channel bottom wall, Fig. 4.12(a) shows the lowest surface temperature is achieved
immediately below the center of the slot jet (x = 0). However, the lowest temperature of
the channel bottom wall is located near the end of the slot jet span because of increased
velocity along the micro-channel.

Figures 4.13 and 4.14 show the heat flux distribution along the micro-channel
bottom wall and the sidewall, respectively. The local heat flux is evaluated from Eq.
(4.1). Both distributions in Fig. 4.13 show heat flux is greatest near the jet centerline due
to the impingement effect and thin boundary layer. Notice how the heat flux becomes
vanishingly small in the lower corner of the micro-channel where the flow is highly
weakened for the rectangular channel. Figures 4.14(a) and 4.14(b) show a sharp rise in
heat flux along the sidewall a short distance above the test surface. This rise is the result
of the wall jet forming away from the stagnation zone of the slot jet. Notice the stronger

influence of this wall jet in Fig. 4.14(b) for the higher Reynolds number case. The wall
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Figure 4.11 Numerical predictions of micro-channel bottom wall Nusselt number
distribution for (a) g "e= 53.39 W/cm? and U, = 0.90 m/s, and (b) ¢ "¢y = 162.15 W/ecm®
and Uy, = 4.53 m/s.
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Figure 4.12 Numerical predictions of micro-channel bottom wall temperature
distribution including sidewall for (a) Reje; = 2892 and g "oy = 20.58 W/cm?,
and (b) Reje, = 26764 and q "5y = 76.37 W/em?,
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jet flow also induces strong circumferential recirculation, producing high fluxes along the
entire sidewall, which is obviously being sustained by heat conduction along the sidewall.
Figure 4.15 shows local Nusselt number along the micro-channel’s bottom wall follows a
distribution similar to that shown in Fig. 4.13 for heat flux. The local Nusselt number is

calculated from Eq. (4.2).

4.4. Different Circular-Jet-Pattern Configurations

Numerical simulations of the different jet patterns are conducted to predict both
the complex micro-jet/micro-jet flow interaction and wall temperature distribution. Two
ultimate cooling objectives are to achieve, for a given flow rate, the highest possible heat

transfer coefficient and lowest wall temperature gradients.

4.4.1. Determination of Jet Velocities
Jet velocities of differently sized jets can be related to one another by equating
their pressure drop. Consider a cooling module that contains three different jet sizes,

Djer1, Djer> and Djei3. Equal pressure drop requires that

ijl ij;Pll =f Hj(l ij
D

2 D

z H, pU;
jet2 = Jet b jet3 . 43
> fD : (4.3)

AP =AP,=AP,=f

Jetl jer2 jer3

where the pressure drop coefficient, f, is inversely proportional to jet Reynolds
(Incropera, 1999)

f=KRe’ (4.4)

Jer?

and K is fairly constant for the conditions of the present study. Equations (4.3) and (4.4)

allow the jet velocities to be related to one another as follows:

U.,,= Dy U (4.5a)
jet2 — 2 jetl g
Jerl
Dieﬂ
and Ujer?# = F':—Uj‘,”. (45b)

Jetl
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Figure 4.13 Numerical predictions of micro-channel bottom wall heat flux distribution
for (a) Reje, = 2892 and q "5 = 20.58 W/cm?, and (b) Reje, = 26764 and
q "= 76.37 Wicm®.
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Figure 4.14 Numerical predictions of micro-channel sidewall heat flux distribution for
(a) Reje; = 2892 and g "¢y = 20.58 W/cm?, and (b) Reje, = 26764 and q "= 76.37 W/cm?.
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Figure 4.15 Numerical predictions of micro-channel bottom wall Nusselt number
distribution for (a) Rej, = 2892 and q "o5r= 20.58 W/cm and (b) Reje, = 26764
and q "¢ =76.37 W/em?,
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Then Uy, can be determined from continuity as

2

ﬂchll
chll * N2 pf

)

DZ:-IZ U
D._

Jetl

2
l’;j;v} U

Jerl

2
nDjelS

4

2
D,

4

mlolul = NI pj Jjetl + N3 pj jerl | (46)

4

where N; is the total number jets of diameter D;.,. The velocities of the other jets can be

determined using Egs. (4.5a) and (4.5b).

4.4.2. Validation of Numerical Predictions
Figure 4.16 compares numerical predictions of the temperature distribution along
the thermocouple line in the copper block with the thermocouple measurements for the
three jet patterns. The numerical scheme appears equally effective at predicting the
temperature variations for the different jet patterns corresponding to different heat fluxes
and flow rates. The agreement between the measured and predicted temperatures
demonstrates the effectiveness of the present numerical scheme using the standard k-¢

model and the relations used to determine the extent of the laminar zone.

4.4.3. Predicted Trends of Cooling Performance

Figures 4.17-4.19 show flow streamlines and channel bottom wall temperature
distribution for one-fourth the unit cell illustrated in Fig. 3.1. Results for the three jet
patterns are provided for low, medium, high flow rates in Figs. 4.17, 4.18 and 4.19,
respectively.

For the decreasing-jet-size pattern with a low flow rate, Fig. 4.17(a) shows the
large jets near the center of the channel are easily able to reach the channel bottom wall,
yielding lowest temperatures near the center of the channel. The spent fluid from the first
jet and second jet makes it difficult for the downstream jets to reach the bottom wall.
However, the heat transfer coefficient increases with increasing flow rate along the flow
direction. The decreasing-jet-size pattern appears to effectively utilize both the jet flow

and the channel flow to achieve excellent bottom wall temperature uniformity.
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Figure 4.16 Comparison of numerical predictions of temperatures along thermocouple
line and measured temperatures.
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Figure 4.17 Streamlines and wall temperature plots at g ".; = 36.0 W/em?, m =11.1 g/s
for (a) decreasing jet size, (b) equal jet size, and (c) increasing jet size.
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Figure 4.18 Streamline and wall temperature plots at g "¢y = 67.6 W/em?, m=33.6 g/s
for (d) decreasing jet size, (e) equal jet size, and (f) increasing jet size.
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Figure 4.19 Streamlines and wall temperature plots at g .= 121.5 W/em?, m=55.9 g/s
for (h) decreasing jet size, (i) equal jet size, and (j) increasing jet size.
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Figure 4.17(b) shows that heat transfer for the equal-jet-size pattern is dominated
more by channel flow than by jet impingement. Since the flow rate increases along the
flow direction, the lowest temperature is encountered near the channel outlet. For the
increasing-jet-size pattern, Fig. 4.17(c) shows the flow is complicated by interactions
between neighboring jets. Large jets near the channel outlet create appreciable blockage
to coolant flow from the upstream small- and medium-sized jets. Overall, the increasing-
jet-size pattern provides the poorest cooling performance of the three jet patterns,
evidenced by the highest wall temperatures and largest wall temperature gradients.

Figures 4.18 and 4.19 show, for medium and high flow rates, respectively, similar
cooling trends for each jet patterns. One obvious difference from the low flow rate case
is a greater influence of jet impingement compared to micro-channel flow for all jet
patterns. Strong impingement of the largest jets reduces surface temperature for the
decreasing-jet-size pattern, Figs. 4.18(a) and 4.19(a), and the increasing-jet-size pattern,
Figs. 4.18(c) and 4.19(c), compared to the equal-jet-size pattern, Figs. 4.18(b) and
4.19(b). Because of the increasing flow rate along the flow direction, fairly uniform
temperature is achieved with the decreasing-jet-size pattern as shown in Figs. 4.18(a) and
4.19(a). Excellent surface temperature uniformity is achieved with the equal-jet-size
pattern at medium and high flow rates as shown in Figs. 4.18(b) and 4.19(b). For the
increasing-jet-size pattern, the increasing flow rate escalates the aforementioned blockage
effect, causing appreciable recirculation in the flow from the upstream small jets as
shown in Figs. 4.18(c) and 4.19(c). Despite the ability to achieve relatively low overall
wall temperatures, the flow blockage induces large wall temperature gradients for the
increasing-jet-size pattern.

Figure 4.20 shows the effects of flow rate on temperature distribution along the
centerline of the channel’s bottom wall. For the three jet patterns, increasing flow rate
decreases the bottom wall temperature at the expense of a higher temperature gradient.
The medium and high flow rate cases manifest the strong impingement effects of the
large jets in the form of low upstream temperatures for the decreasing-jet-size pattern,
Fig. 4.20(a), and low downstream temperatures for the increasing-jet-size pattern, Fig.

4.20(c). Figure 4.20 shows, for all flow rates, the highest single-phase heat transfer
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Figure 4. 20 Variation of wall temperature along micro- channel for
(a) g "¢y =36. OW/cm?, m= 11.1 g/s, (b) q"L/f- 67.6 W/em?,
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coefficients (i.e., lowest wall temperatures) are achieved with the decreasing-jet-size
pattern. However, the greatest temperature uniformity is realized with the equal-jet-size
pattern. These trends point to important practical trends in cooling system design. The
increasing-jet-size pattern is preferred for high-heat-flux removal, while the equal-jet-size

pattern is preferred for devices demanding greater temperature uniformity.
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CHAPTER 5. SINGLE-PHASE EXPERIMENTAL RESULTS

5.1. Overall Single-Phase Cooling Performance

5.1.1. Circular Jets

As indicated earlier, three key objectives of the new hybrid cooling scheme are
(1) dissipating large heat fluxes, (2) maintaining low surface temperatures, and (3)
reducing surface temperature gradients. Figure 5.1 shows thermocouple readings of the
copper heating block as a function of jet Reynolds number for g "¢y = 50 and 91 W/cm?,
Clearly evident in this figure is the advantageous effect of increasing Reje at reducing
surface temperature for a given heat flux. There is also a slight decrease in temperature
gradient between thermocouples at higher Rej,. However, both surface temperature and
temperature gradient increase with increasing heat flux.  Overall, axial surface
temperature variations over the entire single-phase cooling region up to 50 W/cm?® were

less than 1.5 °C.

5.1.2. Slot Jets

Choice of key geometrical parameters of the test module is based largely on the
numerical findings. Key goals in the module design are to enhance heat flux removal,
reduce surface temperature, and reduce surface temperature gradients. Figure 5.2 shows
thermocouple readings in the copper heating block as a function of Reynolds numbers for
q” =32 W/cm®. Increasing Reynolds number decreases both surface temperature and
temperature gradient. Despite the relatively poor thermophysical properties of HFE-
7100, the high cooling effectiveness of the hybrid configuration, coupled with the use of

indirect refrigeration cooling, enables the dissipation of q;f, =305.9 W/cm® at
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Figure 5.1 Thermocouple readings in copper heating block versus jet Reynolds number
for different heat fluxes and inlet temperatures for circular jets.
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Figure 5.2 Thermocouple readings in copper heating block versus jet Reynolds number
for different heat fluxes and inlet temperatures for slot jets.
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T, = - 40 °C and U,

Jjet

= 7.37 m/s without phase change. At this heat flux, the average
surface temperature is 70.82 °C, well below the maximum recommended temperature for

modern electronic devices. Surface temperature variations up to q;[f = 50 W/cm® are less

than 2 °C.

5.1.3. Different Circular-Jet-Pattern Configurations
The flow rate trends depicted in Fig. 4.20 are further substantiated in Fig. 5.3,
which shows the heat transfer coefficient data plotted against Rej..,, the jet Reynolds
number based on mean velocity of all jets in a micro-jet plate. Clearly evident in Fig. 5.3
is the advantageous effect of increasing Re;.» for all jet patterns, as well as the superior

heat transfer performance of the decreasing-jet-size pattern.

5.2. Correlation of Single-Phase Heat Transfer Data

5.2.1. Circular Jets

A new single-phase heat transfer correlation is sought for the new hybrid cooling
scheme. Such a correlation can serve as a convenient tool for design of electronic
modules utilizing the new hybrid cooling scheme, eliminating the need for much of the
aforementioned numerical modeling.

A superposition technique originally developed by Wadsworth and Mudawar
(1990) for slot jets can be tailored to hybrid configurations where different cooling
mechanisms dominate different portions of the surface. This technique was quite
effective at correlating their single-phase data, and was later used successfully to
correlate data for multiple slot jets (Meyer et al., 2006) as well as the present authors’
own data for the aforementioned hybrid slot jet/micro-channel cooling scheme (Sung and
Mudawar, 2006).

This technique consists of applying different correlations of the same general form
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Figure 5.3 Variation of heat transfer coefficient with mean jet Reynolds number for
different jet patterns.
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Nu

0.4
Pr y

= f(Re), (5.1

to the different surface regions. Figure 5.4 illustrates for a single jet cell the different
surface regions associated with a single jet: an impingement region, two identical bottom
wall regions on either side of the impingement region, and a micro-channel flow region.
The micro-channel flow region encompasses upstream and downstream bottom
wall regions shown in Fig. 5.4, as well as the sidewalls and top wall of the micro-channel
for the entire jet cell (top wall is thermally conducting in present cooling module).
Assuming surface temperature is uniform across the entire wetted surface, the
superpositioning technique yields the following relation for overall heat transfer

coefficient, A, :

N2

- = Ik
h, p,L=2 E hjel.i P =
im1 N

Jet

2
nDjer

— Ll
4

chl,i

ch = jet 4

ﬂ:Di,, 1.
WDy, = + hchZ.i

T Dz‘(’l
WD, +—=||
4

where N, is the number of micro-jets per single micro-channel and pj, the micro-channel
perimeter. Since channel velocity increases away from the central jets towards the outlet
due to the increased flow rate, Eq. (5.2) is written to allow for variations in the values of
heat transfer coefficients between successive jet cells similar to those depicted in Fig. 5.4.

Equation (5.2) can be represented in the dimensionless form

N

Dy,
WD =—
4

ch = jer

xD b= = | & WD,
hen.i .

jet

4
=2 )/ P + +

Ph

jet ph

_ ) h Jerii
ch = jet

(5.3)

The Reynolds used to characterize the heat transfer in the different surface regions

depicted in Fig. 5.4 are defined as
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U. D.
Re,,;=—"—, (5.42)
b
'T[Dz'el
th Djel - —4;
Uchl,i
ph
Re,,.; = . (5.4b)
L
U L Wch Dj(’l 1 JTD_.[-;I l
ch,i -
N N jet P 4 Wr D jet
and Re,,; = - - o= (5.4¢)
\%
f

The characteristic velocity in Eq. (5.4b) is assumed equal to the jet velocity due to

the strong attachment of wall jet in that region and the Bernoulli assumption as

Upi=Uj,- (5.5)

The characteristic velocity in Re.,; is determined from continuity, accounting for the

gradual increase in flow rate away from the center of the micro-channel as follows:

nDie, )

b T i
Ui B (5.6)
B th H

ch

Therefore the heat transfer correlation can now be written as
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The exponent, a, corresponding to the impingement term is set to 0.5, which is the
value recommended for the impingement zone of a jet (Wadsworth and Mudawar, 1990).
The remaining empirical constants were determined from a least-squares fit to the

experimental data, resulting in the following correlation for the hybrid cooling scheme:

2 0.199
N D W ot T Jet
ch ™= jet
L~ 6341Re ‘jj( ”')N +0.183Re%”| ———4—| N+
rf h Py Dj(’l
b 0.654
D,
p1o7Rets] 4| L LW #Dp 1 {1"'“4 420 +....+(Nﬂ,/2)““”}.
W(‘/l Hch N jet D jet p h 4 th D Jjet

(5.8)

Notice that Do, Hen, Wen, pn, L and Ny, are purposely retained in Eq. (5.8) rather than
replaced with the values used in the present experimental study. This is intended to allow
Eq. (5.8) to be used for a hybrid scheme with different values for these parameters.
Figure 5.5 shows Eq. (5.8) fits the present single-phase data with a mean absolute error

(MAE) of only 6.04 %, with all data points falling within a + 20% error range.
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Figure 5.4 Schematic of superpositioning technique for correlating single-phase
heat transfer data for circular jets.
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Figure 5.5 Comparison of predictions of single-phase heat transfer correlation and
experimental data for equal-size-circular jet pattern.
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5.2.2. Different Circular-Jet-Pattern Configurations

The previous section shows the single-phase heat transfer correlation with the
superpositioning technique well predicted the experimental data of the equal-jet-size
pattern. The superpositioning technique is also used to correlate the single-phase heat
transfer data for the three jet patterns. The procedure of the single-phase correlation is
exactly same as the previous section except calculating the channel velocity. Due to the
Bernoulli effect, the sidewall characteristic velocity is assumed equal to the jet velocity.
The channel velocity can be determined from mass conservation, accounting for the

gradual increase in flow rate away from the center of the micro-channel as

U('h.i = Ujey,i (593)
nDﬂ, ;
Jﬂ J
and ' ; (5.9b)
! 2 W, H

Therefore, the heat transfer correlation can be written as

N
Nu \ jet i
Prol; 2{ jtll( : )+C Re(hl:+c RechZ:}
/

i=1

s Dier i j

& D. WaDiwi=—7

2 ) Re‘,’e,,( "'"')+C Re. 4

= Py Py Djei

chl.j nD;el.j
it | 4 W D>
+C Re/e“ E< Jel Jet,i 2 ch. l+ Jet.i
j=1 W(h Ht'h Jeti ph 4 th Djel.i

(5.10)

Equation (5.10) can also be written as
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(5.11)
As indicated earlier, Egs. (5.10) and (5.11) are valid for jet patterns that do not

include a central jet. For patterns with a central jet, these equations must be modified by

including the following term for each side of the micro-channel as

T D.“‘ 12 3
[(Djt'l,l /2)] s C Re W(,h (Dj(,,', /2) - _(_141—)

a
C‘I Re Jet)

- phD

P jet.l

4
+ C,Re,
- W(h Hrh

(5.12)

The rest of the single-phase correlation can be obtained by simply setting Ujer,; = Ujer, 12
and Dje,; = Dje1/2 to the third term in Egs. (5.10) and (5.11).

The empirical constants are obtained with a least-squares’ fit to the single-phase

heat transfer data. The following correlation was obtained for the micro-channel/micro-

circular-jet-impingement module with equal jet size from the previous section,
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10.654

(5.13)

10.654

(5.14)

Figure 5.6 shows Egs. (5.13) or (5.14) fit the single-phase data for all three micro-jet

patterns with a mean absolute error (MAE) of 5.26%, with all data points falling within a

+20% error band. This is proof of the universal validity of this correlation.

5.2.3. Slot Jets

A new single-phase heat transfer correlation is sought for the hybrid micro-

channel/slot jet configuration. The superposition technique is em<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>